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Recently, current-voltage(I-V) characteristicshave been
reportedby Collinset al. for asystemwith ascanningtun-
neling microscope(STM) tip anda carbonnanotube[1].
The STM tip was driven forward into a film of many
entangled nanotubes on a substrate, and then was
retracted,so that oneof nanotubesbridgedthe STM and
the film. I-V characteristicshadtwo differentpatternsas
shown in Figs. 1(a) and 1(b) for different heights. One
showedlargedI/dV with V > 0, smalldI/dV with V < 0, and
I = 0 nearV = 0 (type-I),while theothershowedrectifica-
tion, i.e., I ≠ 0 only with V < 0 (type-II), with the tip
grounded. We proposea physical mechanismto explain
the observedI-V patterns.

We considerthat the observed characteristicsstrongly
reflectedthenatureof thetip (metal)- nanotube(semicon-
ductor) contact[2]. The other end of the nanotubewas
entangledwell in the film, and simply provided a good
Ohmiccontact. We will arguethat therearetwo different
contactmodes- vacuumgap (left) and touching (right)
modes as in Fig. 1(c), dependingon the presenceor
absenceof a tiny vacuumgap d ~ 0.1-0.2nm at the junc-
tion. Thesemodesmay be relatedto physisorptionand
chemisorption,respectively. Onceadmitting their exist-
ence,it is naturallyshown thatI-V characteristicsaretype-
I in the vacuumgap mode,and type-II in the touching
mode. We argue that the nanotubehad to be an n-type
semiconductorjudging from the I-V characteristics,con-
trary to oftenobservedp-typein thetransistorapplications
[3], wherep-typeis probablydueto theoxidationin air or
the trapped charges in the silicon-dioxide.

The band diagramsare shown in Fig. 1: (d) - (f) for
type-I (left) and(g) - (i) for type-II (right). In the metal,
EFM is theFermi energy andφM is thework function. In
the semiconductor, χ is the electronaffinity, EFS is the
Fermienergy, andEG is thebandgap. Ec andEv arecon-
ductionandvalencebandedges,respectively, anddepend
on theappliedvoltageV after the tip is grounded.φn and
φp areSchottky barriersandξ = EFS - Ev. At (d), valence-
bandelectronstunnel to the tip with V < 0, resulting in
smallerdI/dV. (e) is a thermalequilibriumwith V = 0. At
(f), tip electronstunnelto theconductionbandwith V > 0,
resultingin larger dI/dV. The vacuumgap providesflexi-
bility for Ec andEv to align freely with EFM by absorbing
the necessaryvoltagedrop for given V. In the touching
mode,φn andφp arefixed regardlessof V. The Schottky
forwardtransportoccurredat thesamebiaspolarity asthe
valence-bandtunnelingof (d). Thus,(g) follows with V >
0, andthenanotubehasto ben-type. (h) is a thermalequi-
librium. (i) is a reverseconditionwith V > 0 with negligi-
ble current. We notethat for p-nanotubes,the entireI-V
patternsimply shifts to thepositive V directionin thevac-
uumgapmode,while it rotatesby π in thetouchingmode.
Thus,if theSchottky forwardtransporthadoccurredat the
samepolarity astheconduction-bandtunnelingof (f) (V >
0), then the nanotubeshould have beenp-type, but this
was not the case.

We have performednumerical calculationsbasedon
either the tunnelingformula [4] or the familiar Schottky
formula assuminga (17,0)semiconductingnanotube,and
resultsare comparedto the experimentaldataof Ref. 1.
Reasonable agreement is obtained.

Fig. 1 (a) and (b) I-V characteristics;(c) two contact
modes; (d)-(i) band diagrams.
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